Abstract: We numerically simulate dynamic propagation of finite-energy Airy pulses in anomalous and normal regions of optical fiber and analyze the effects of quintic nonlinearity and initial chirp on evolution properties. Numerical results show that the effects of quintic nonlinearity on finite-energy Airy pulse imposed by initial chirp in two regions are entirely different. In anomalous dispersion region, soliton pulses shed from all finite-energy Airy pulses whether they are chirped or not, and quintic nonlinearity has profound effects on the propagation dynamics of the soliton pulse. However, in normal dispersion region, none soliton pulses are generated from Airy pulses. Depending on the peak intensity varying with the propagation distance, differing from the cases in the abnormal dispersion region, the effect of quintic nonlinearity has a slight impact on the evolution of Airy pulse.
Introduction
In 1979, as a solution to the Schrödinger equation, the Airy wave packet was first proposed by Berry et al. in the framework of quantum mechanics [1] . The Airy wave packet solution that has infinite energy was not experimentally realized in the optical domain. In 2007, the finite-energy Airy pulses were predicted theoretically [2] and investigated experimentally [3] by Christodoulides et al. Since then, diffraction-free propagation of finite-energy Airy pulses has attracted tremendous interest [4] - [12] due to its unique characteristics including non-diffraction, self-acceleration, and self-healing. These properties have been employed for various potential applications, such as optical trapping and micro-manipulation [9] , light bullet generation [10] , [13] , curved plasma filament generation [14] , supercontinuum generation [15] , optical routing [16] , and so on.
The finite-energy Airy pulses have recently been studied in nonlinear regimes [13] , [17] - [20] including the effects of instantaneous Kerr nonlinearity, the Raman scattering, self-steepening, and third-steepening. In the instantaneous Kerr media, Fattal et al. studied a soliton pulse shedding from the Airy pulse in a single mode fiber in the presence of self-phase modulation and anomalous dispersion [17] . In highly nonlinear fibers, Zhang and Hu et al. investigated that Airy pulses were also exploited to manipulate the Raman-induced frequency shift [18] , [19] . Besides that, Ament et al. also demonstrated supercontinuum generation controlling by Airy pulses in highly nonlinear fibers [21] . Through the revealing of previous investigations, for high incident optical intensities or materials with very high nonlinear coefficients, higher-order nonlinearity particularly quintic nonlinearity should be taken into account and influence considerably the propagation of optical pulse [22] - [24] . Therefore, quintic nonlinearity will play a vital role and it is inappropriate to neglect it in this case. More recently, Zhong et al. [20] investigated the influence of cubic-quintic nonlinearity and soliton order on evolution properties of finite energy Airy pulses in optical fibers.
Actually, the Airy pulses emitted from laser sources are invariably chirped. Frequency chirp can be utilized in Airy pulse generation, propagation and amplification through frequency chirp amplification technology. Therefore, if frequency chirp is imposed externally, it is expected to affect the Airy pulse propagation. Very recently, Zhang et al. [25] reported the effect of initial frequency chirp on Airy pulse propagation in an optical fiber, showing that the linear propagation of initially chirped Airy pulse depends on the sign of second-order dispersion parameter and chirp value. Moreover, we pay more attention to the issue that whether an appropriate quintic nonlinearity can effectively manipulate the propagation properties of initially chirped Airy pulses. However, the effects of quintic nonlinearity and initial chirp on the propagation dynamics of finite-energy Airy pulses have never been investigated till now.
Herein, in this paper, we investigate the effects of quintic nonlinearity and initial chirp on the propagation dynamics of finite-energy Airy pulses in both anomalous and normal dispersion regions of optical fibers. The results indicate that the effects of quintic nonlinearity on finite-energy Airy pulse imposed by initial chirp in two regions are different. What's more, this work enriches the investigations on the nonlinear propagation property of the Airy pulse and soliton generation.
Theory Model
We consider a finite-energy Airy pulse propagating along optical fiber with quintic nonlinearity. The slowly-varying envelope amplitude A(Z,T) of the Airy pulse satisfies the extended Schrödinger equation [20] 
where β 2 is the second-order group velocity dispersion coefficient, γ 1 and γ 2 are respectively the cubic and quintic nonlinearity coefficient. In convenience for numerical simulations, (1) is usually transformed to its normalized form
where
) are normalized envelope of the optical pulse, normalized time, normalized distance, soliton order, quintic nonlinearity parameter, dispersion length, cubic nonlinearity length, and quintic nonlinearity length. P 0 and T 0 are the peak power and duration of the initial pulse. Sgn is the sign function, indicating that anomalous dispersion region (sgn(β 2 ) < 0) and the normal one (sgn(β 2 ) > 0).
The initial finite-energy Airy pulse is a diffraction-free wave packet solution of (1), which is defined as
where the truncated coefficient factor a is set to be 0.05, C is the initial chirp, and Ai represents the Airy function. Fig. 1 displays the temporal dynamics of the finite-energy Airy pulses with initial chirp for different values of quintic nonlinearity parameter R in the anomalous dispersion regime. For initial finiteenergy Airy pulses imposed a negative chirp (C < 0), such as C = −0.5 shown in Fig. 1(a) -(e), the main lobes of Airy pulses are slightly dispersed then generate an intense quasi-soliton pulse [17] near the pulse centre with straight propagating. While dispersion wave pulses with narrow duration can be only observed near the trailing edge of finite-energy Airy pulses and subsequently succumbs to diffraction during propagation. The only difference is that, displayed in Fig. 2(a) , the pulse widths of quasi-soliton become slightly broaden with the increase of quintic nonlinearity parameter R. For an initially unchirped Airy pulses (C = 0), shown in Fig. 1(f) -(j), the main lobes can remain their self-bent or self-acceleration over several dispersion lengths. On the background of the finite-energy Airy pulse, an intense quasi-soliton pulse and a weak dispersion wave appear near the pulse centre and the leading edge [25] . Furthermore, with increase of propagation distance, the former nearly remains near the pulse centre whereas the latter gradually shifts towards the leading edge and disappears quickly [20] . With the effect of quintic nonlinearity, comparing with Fig. 1(f) -(j), the difference is that the pulse width narrows and peak power enhances corresponding to larger parameter R. When then initial finite-energy Airy pulse is positively chirped (C > 0), such as C = 0.5 shown in Fig. 1(k)-(o) , four regimes can be separated: it maintains its remarkable selfbend properties over the first 2 propagation distance; then the pulse experiences an interruption opposite to its original propagation orientation; a new quasi-Airy pulse with smaller amplitude than that of original Airy pulse is regenerated at about 4 propagation distance; finally, the occasion occurs that an intense quasi-soliton pulse generated from the main lobe of the new Airy pulse straight propagates near the pulse centre. Furthermore, different from the case in negative chirp, dispersion pulses only appear in the trailing edge of new quasi-Airy pulse and finally disperse.
Simulation results

Propagation in the Anomalous Dispersion Region
Comparing with the conditions with the same chirp value but under different quantic nonlinearity parameters (R), shown in Fig. 1 (a-e), (d-j), and (k-o), the width of the central quasi-soliton pulse ( w) become slightly narrow, with the increase of the value of R. In addition, shown in the Fig. 2 , the widths of the central pulse at the distance of Z = 9 become slightly narrow. In order to demonstrate the effect of quantic nonlinearity on propagation characteristics of Airy pulse in more detail, the two dimensional intensity distributions at propagation distance Z = 9 in the anomalous dispersion region are shown in Fig. 2 . For negative chirp (C < 0), shown in Fig. 2(a) , with the increase of quantic nonlinearity parameter R, corresponding to large higher-order nonlinear effects, pules have a blue-shift and the drift distance in the trailing edge is larger than that of in the leading edge. Therefore, the pulse widths become narrow, as just mentioned. While the initial finiteenergy Airy pulse is unchirped, shown in Fig. 2(b) , the larger of quantic nonlinearity parameter R, the narrower in pulse width and larger peak power. The high frequency oscillation side lobes occur on both sides of Airy pulse. For positive chirp (C > 0), shown in Fig. 2(c) , a red-shift occurs in the pulse for increasing quantic nonlinearity parameter R, in the meantime, the peak power becomes larger and nearly with only minor fluctuations in the trailing and leading sides. Therefore, it can be concluded that the pulse narrows and peak power enhances with the effect of quantic nonlinearity only if the chirp value is certain.
In terms of I max , the maximum of the normalized intensity, the infinite-energy Airy pulse factually varies with the propagation distance for different chirp value, as shown in Fig. 3 . Depending on different values of C and R, the oscillation, amplitude, oscillation frequency, and the central value, are also different [20] . When C = −0.5, shown in Fig. 3(a) , I max generally tends to decrease and then to be higher frequency oscillation if the distance is long enough. Fig. 3(a) still indicates that, the larger the quantic nonlinearity parameter, the larger the I max with the increase of propagation distance. For unchirped Airy pulse (C = 0), shown in Fig. 3(b) , the maximum normalized intensity tends to decrease before increase at the first 1.8 propagation distance. And the quantic nonlinearity hardly influences on I max . Then with increase of distance, the influences become notable as quantic nonlinearity parameter increases. For positive chirp (C = 0.5), with the increase of distance I max tends to increase after decrease with slight frequency oscillation. In certain range of distance, for example near 2 propagation distance, quantic nonlinearity hardly influences I max . However, if the distance is long enough, quantic nonlinearity will have an intense impact on I max .
Propagation in the Normal Dispersion Region
To further study the effect of quantic -nonlinearity on chirped finite-energy Airy pulse, we investigate the occasions in normal dispersion regime. Different from the cases in abnormal dispersion regime, Airy pulses in normal dispersion regime exhibit entirely different style and the effect of quanticnonlinearity has a slight impact on the evolution of chirped finite-energy Airy pulses. Fig. 4 shows the propagation dynamics of Airy pulses in normal dispersion regime for different initial chirps and quantic nonlinearity parameter. Particularly, for negative chirp (C < 0), shown in Fig. 4(a) -(e), similar to the case in Fig. 1(k)-(o) , three regimes can be separated: the initial self-bend regime; breakup area, and new quasi-Airy pulse regime. The only difference is that none soliton pulse can be generated in the main lobe of new quasi-Airy pulse rather than quickly diffused. While for unchirped Airy pulses (C = 0), shown in Fig. 4(f)-(j) , all remarkable properties of the ideal self-bending Airy pulses over a finite propagation distance. However, the propagation distance of main lobe of Airy pulse is longer than that case in anomalous dispersion regime, unfortunately, none soliton pulses can be generated on the background of Airy pule as well. If finite-energy Airy pulse is imposed by positive chirp (C > 0), shown in Fig. 4(k) -(o), in comparison with Fig. 1(a) -(e), a dispersion wave pulse instead of a soliton pule will shed from the main lobe of Airy pulse and subsequently diffused during propagation.
Similarly, in the normal dispersion regime, the maximum normalized intensity I max of finite-energy Airy pulse for different values of quantic nonlinearity parameter R has a relationship of propagation distance at a certain chirp value. Fig. 5 shows the maximum of normalized intensity with the normalized propagation distance for different values of chirp value C and quantic nonlinearity R. The maximum normalized amplitudes in the case of negative chirp (C < 0) tend to increase firstly and then vertically drops subsequently increase and finally decrease, corresponding to the results shown in Fig. 4(a) -(e). A subtle variation occurs among different quantic nonlinearity parameter R. For unchirped (C = 0) and positive chirp (C = 0.5) finite-energy Airy pulses, the maximal normalized amplitude I max takes a decreasing tendency along the propagation distance. Differing from the cases in the abnormal dispersion region, none high frequency attenuated oscillation exhibits and the larger the quantic nonlinearity parameter, the smaller the maximal normalized amplitude I max .
Conclusion
In summary, we investigate the effects of quintic nonlinearity and chirp value on the propagation dynamics of finite-energy Airy pulses in anomalous and normal dispersion regions of optical fibers respectively. We find that, the effects of quintic nonlinearity depend on the sign of dispersion parameter. When Airy pulses propagate in anomalous dispersion region, soliton pulses are shed from all finite-energy Airy pulses whether they are imposed by chirp or not. Particularly, the finiteenergy Airy pulses imposed by negative chirp slightly dispersed then generate an intense quasisoliton pulse near the pulse centre with straight propagating. The positively chirped Airy pulses reach the breakup area after maintaining its remarkable self-bent properties, new quasi-Airy pulses are regenerated, and finally the quasi-soliton pulses generated from the main lobe of the new Airy pulses straight propagate near the pulse centre. Depending on analysis of the maximal peak intensity varying with the propagation distance, quintic nonlinearity has profound effects on the propagation dynamics of the soliton pulse. The larger quantic nonlinearity parameter, the narrower of the pulse and larger peak power enhances with the effect of quantic nonlinearity only if the chirp value is certain. However, propagating in normal dispersion region, none soliton pulses are generated from Airy pulses. Furthermore, differing from the cases in the abnormal dispersion region, quintic nonlinearity has a slight impact on the evolution of Airy pulse, showing that the larger the quantic nonlinearity parameter, the smaller the maximal normalized peak intensity. By means of these interesting results, this work inspires people to exploit appropriate quintic nonlinearity and initial chirp to manipulate the Airy pulse propagation and application.
